Fresh water deficiency caused by climate change calls for employing novel measures to ensure safety of drinking water supply. Wireless sensor networks can be used for monitoring hydrological conditions across wide area, allowing flow forecasting and early detection of pollutants.
Introduction
Prevention of water pollution is one of the major issues in global environmental protection system.
Water quality monitoring demands the determination of water quality parameters like pH, dissolved oxygen, conductivity, turbidity, temperature, content of ammonia, metal ions, etc. [1] [2] [3] [4] [5] . The determination of pH being the measure of acidity or basicity of a solution is important in many chemical and biological reactions [6] [7] [8] [9] . Major method employed for monitoring of water quality is collecting samples and their analysis in the laboratory. This traditional method shows a number of drawbacks. The data for sampling are collected from a small area and the time gap between sampling and analysis will influence the result for some kind of contaminations. In addition, the glass electrode which has been widely adopted for pH measuring due to its high sensitivity, wide pH measurement range and long lifetime [10] [11] [12] , exhibits many disadvantages. These electrodes have mechanical fragility, difficulty of miniaturization, chemical instability in corrosive systems and response dependence on pressure and temperature. Researchers have been trying for a long time to overcome these problems and develop a new pH measurement system which could be also helpful for making a new generation of wireless pH sensors for online monitoring of water quality [1, 2, 13, 14] . yttria stabilized zirconia (YSZ), perovskite materials, like lithium lanthanum titanate, etc., were used for this application [10, 11, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . A few of publications reported on RuO 2 based [4, [25] [26] [27] [28] [29] pH sensors for online pH monitoring of water. As compared to other pH sensitive solid state materials, RuO 2 exhibits excellent sensitivity, close to the Nernstain response in a wide pH range, high accuracy and lower susceptibility to interferences caused by other ions dissolved in water [2] . It is considered as a promising material for fabricating pH and dissolved oxygen sensors. Ruthenium dioxide is a stable, electronically conductive oxide of the rutile structure which is widely applied in electrocatalysis, ultracapacitors, and thick film resistors. This paper describes the fabrication of pH sensor by screen printing technology. The surface and cross-sectional view of the sensor were studied using optical and scanning electron microscopes. The sensitivity of the sensor stored in water for a long time was compared with that of the sensor stored in open air.
Experimental
The pH sensor was fabricated by using thick film screen printing technology. The layout of the pH sensor is shown in Fig. 1(a) [25] . The Ag conducting layer (Ag/Pd ESL 9695 paste) was printed onto the alumina substrate and fired in a belt VI-zone furnace at a maximum temperature of 850 °C. RuO 2 based resistor paste (ESL 3914, 10 kΩ/sq) intended for a sensitive layer was then printed. The screen printed layer was dried at 120 °C and fired according to a standard profile in a BTU belt VI-zone furnace. Typically, a total cycle time of 45 minutes and a peak temperature of 850 °C held for 10 minutes were applied. An insulating layer (polyurethane resin) was painted on the surface of the sensor, except the sensitive area which will be in contact with the solution and the pad for electrical contact. This insulating layer acts as a protective layer for the sensor. 
Results and Discussion
General Mechanisms for pH Sensing of RuO 2 Layer. RuO 2 is a promising material for fabricating pH sensor due to its good chemical stability and high conductivity, which inhibits the space charge accumulation. According to Fog and Buck [15] , there are two main reasons for pH response in RuO 2 metal oxide, (i) oxygen intercalation and (ii) ion exchange in a surface layer containing -OH groups. The general mechanism was explained as [15, 28, 29] : 
The electrode potential is then given by [28, 29] :
The magnitude of this potential is proportional to the pH of a solution according to the Nernst 
where E is the emf of electrochemical cell, E 0 is standard potential, R is universal gas constant, T is the absolute temperature, n is the number of electrons and F is Faraday's constant. At 25 °C (T) the slope must be 59.12 mV/pH.
Microstructure of RuO 2 Thick Films:
An optical microscope image of the surface of RuO 2 based thick film screen printed on the alumina substrate is shown in Fig. 2 . The layer is very dense, without any pores or cracks. Darker regions with irregular shapes which can be attributed to RuO 2 rich phase are surrounded by glassy matrix. In Fig. 3 , SEM micrographs of a fractured cross-section of the fabricated sensor are presented. of the sensitive layer is ruthenium and that the glass in the applied commercial paste contains lead, aluminum and silicon (Fig. 4) . The thickness of the both screen printed layers is about 7 µm. The view of the cross-section in the region of the sensing electrode (Fig. 3b ) reveals very dense microstructure of RuO 2 based layer and its excellent adhesion to the alumina substrate.
6 Nano Hybrids Vol. 5 for a long time was compared with that of the sensor stored in air. Prior to the measurements the sensor was stored in deionized water for 25 days and then used for pH measurements. Fig. 5(a) shows the dynamic response of the sensor in different pH solutions. The variation of potential versus Ag/AgCl reference electrode was monitored by changing the pH of a solution. The electrode was rinsed with water and dried with tissue paper before changing from one to another solution with a different pH, in order to reduce the contamination by a previously used solution. All the experiments were carried out at temperature of 20 °C. The emf variation of RuO 2 sensor versus pH is shown in Fig. 5(b) . The slope of this plot reflects the sensitivity of the fabricated electrode. The sensor shows a sensitivity of -60.69 mV/pH with a standard potential of 694.98 mV. It was found that the sensor stored in air at the room temperature showed some fluctuations of emf for solutions of different pH at the beginning of the measurement and it took a long time to get stabilization. After several tests the sensor showed a stabilized emf value for each pH. Fig. 6(a) shows the dynamic response of the sensor for different pH of a solution. The change of the electromotive force with pH is depicted in Fig. 6(b) . The sensor exhibits a slope factor of -57 mV/pH with a standard emf of 674.40 mV.
Nano Hybrids Vol. 5 9 A comparison between the sensors stored in water and in air at room temperature is shown in table 2.
The potential of the sensor stored in water was stabilized very fast as compared to the sensor stored in air at room temperature. The soaking of the sensor in water has strong influence on the behavior of the sensor [2, 28] . The sensor stored in air shows some drift in voltage at the initial period of analysis which may be due to the diffusion of hydrogen ions through the RuO 2 sensing layer [2] . The mean pH sensitivity of the sensors for both storage procedures was close to the theoretical Nernstian factor for a single electron reaction (59.12 mV/pH).
10 Nano Hybrids Vol. 5 The result of the measurement of the potential difference between the reference electrode Ag/AgCl and the screen printed RuO 2 electrode carried out for water as a test solution is shown in Fig. 7 . After the substitution of this potential into the equation determined previously from the Nernstian response obtained for the RuO 2 sensor stored in water (y=-60.69x+694.98), the pH of deionized water was calculated as 7.08. This pH value is very close to that obtained using a commercial pH-meter (pH of deionized water =7.11). 
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Conclusion
The pH sensor was fabricated in a standard thick film process, and an off-the-shelf resistive paste based on RuO 2 was used as a sensing material. Sensing electrode and Ag conducting path were screen printed onto the alumina substrate and fired at 850 °C. The electromotive force of the cell consisting of the fabricated RuO 2 sensing electrode and the reference electrode Ag/AgCl was measured as a function of pH of the test solutions. The storage conditions were found to influence significantly the time necessary for stabilization of a measurement. The potential of the sensor stored in water is stabilized very fast as compared to that of the sensor stored in air at room temperature.
The sensor stored in air at room temperature shows a drift in potential during initial measurement.
The slopes of the Nernst plots are 60.69 mV/pH and 57 mV/pH for the sensors stored in water and in air, respectively, both values being close to the theoretical value of 59.12 mV/pH. The emf measurements confirm the applicability of the fabricated sensor for measuring of pH of water.
